We used morphoproteomics to investigate mammalian target of rapamycin (MTOR) signaling pathway in papillary thyroid carcinomas and correlated the results with clinicopathological parameters. Archival paraffinembedded tissue of papillary thyroid carcinomas was obtained from 30 patients, including 15 classical type and 8 follicular, 4 tall-cell, 1 columnar-cell, 1 diffuse sclerosing and 1 cribriform variants. Immunohistochemical stains were performed for three phosphorylated (p) protein analytes: p-MTOR (Ser2448), p-Akt (Ser473) and p-p70S6K (Thr389). Chromogenic signals and subcellular compartmentalization (nuclear, cytoplasmic and plasmalemmal) were evaluated. Clinicopathological parameters were reviewed. Immunoreactivities for p-MTOR, p-Akt and p-p70S6K were observed in all papillary thyroid carcinomas. In addition to an expression of p-MTOR in cytoplasmic location, nuclear translocation of p-MTOR with variable loss of plasmalemmal expression, and with concomitant nuclear expression of p-Akt, was also identified in all tall-cell, columnar-cell and diffuse sclerosing variants of papillary thyroid carcinoma. There were no significant differences in the clinicopathological parameters, including tumor size, extrathyroidal extension, angioinvasion and nodal metastases between the groups with and without nuclear expression of p-MTOR (P40.05). The expressions of p-MTOR in cytoplasmic and/or plasmalemmal locations with the concomitant immunoreactivity for p-p70S6K in all papillary thyroid carcinomas indicate the activation of MTOR complex 1 pathway. The nuclear translocation of p-MTOR evidences the activation of MTOR complex 2 and is identified only in the known aggressive histological variants of papillary thyroid carcinoma, including tall-cell, columnar-cell and diffuse sclerosing variants. Thus, these results suggest the constitutive activation of MTOR signaling pathway in papillary thyroid carcinomas and provide a new insight of biogenetic basis for the aggressive histological variants of papillary thyroid carcinoma. The pattern of expression of p-MTOR in papillary thyroid carcinomas may serve as a diagnostic/ prognostic marker and a potential therapeutic target.
Papillary thyroid carcinoma is the most common type of thyroid malignant neoplasm. Most papillary thyroid carcinomas are indolent and have an excellent prognosis with appropriate treatment, including surgery and postoperative radioactive iodine ablation with follow-up monitoring. Overall survival is greater than 90%. 1 In contrast to the overall good prognosis, a small number of papillary thyroid carcinomas present a more aggressive course. Some particular histological variants, including columnar-cell, tall-cell, solid and diffuse sclerosing variants, have been linked to unfavorable outcome. 2 The tall-cell, columnar-cell and diffuse sclerosing variants have a tumor-related mortality of 25%, 90% and 5.7%, respectively, in comparison with 0.6% in conventional papillary thyroid carcinomas. [3] [4] [5] [6] Several prognostic clinicopathological parameters have been proposed to define low-and high-risk groups of patients with thyroid cancers. [7] [8] [9] However, the difference in tumorigenesis of these aggressive variants from the majority of papillary thyroid carcinoma with an indolent behavior is unknown.
Recently, some biogenetic alterations, eg, oncogene BRAF, have been discovered in some papillary thyroid carcinomas, which may have diagnostic, prognostic and therapeutic implications. 10, 11 However, the results are controversial. 12 Although the study of papillary thyroid carcinoma at molecular level has been focused on the RAS-RAF-MEK-ERK-MAP kinase pathway, the majority of other signaling pathways possibly involved in the tumorigenesis of papillary thyroid carcinomas have not been fully investigated.
Among cancer signaling pathways, the mammalian target of rapamycin (MTOR) pathway has been increasingly studied and its activation has been reported in various types of malignancy. However, only a few studies of MTOR pathway in papillary thyroid carcinoma were published in the literature. [13] [14] [15] [16] These studies were limited to scattered genes and their products using cultured cells or animal models. Recently, several MTOR inhibitors, as potential pharmaceutical agents, have been identified and some of them have been utilized in clinical or preclinical studies for a number of malignancies. [17] [18] [19] This advancement raises the question whether these agents can be used for treatment-resistant papillary thyroid carcinomas. Therefore, it becomes urgent to discover the role of MTOR pathway in papillary thyroid carcinomas.
The MTOR is a highly conserved protein kinase and a central controller of cell growth and metabolisms. 20 It has an integral role in coordinating cell growth, cell proliferation, angiogenesis and metabolism in response to growth factors, nutrients and the energy status of the cells, and promotes cell cycle progression and suppresses apoptosis in a variety of human cancers. 18, 19, 21 The MTOR is found in two structurally and functionally distinct multiprotein complexes, MTOR complex 1 (MTORC1) containing raptor and MTOR complex 2 (MTORC2) containing rictor. Each of the MTORC signals via a different set of effector pathways, ie, MTORC1 through p70S6K and MTORC2 through Akt. 22, 23 Collaborating in tumorigenesis, MTORC1 contributes to cell proliferation and MTORC2 is thought to mediate cell survival. Rapamycin is an MTOR inhibitor to prevent MTOR-dependent downstream signaling transduction. MTORC1 is rapamycin sensitive, whereas MTORC2 is relatively rapamycin insensitive. Therefore, it is crucial to identify the MTORC2 activation in tumors, and there may be other implications of the MTORC2 activation in addition to the different treatment responses. To our knowledge, the study of MTORC2 in papillary thyroid carcinomas has not been reported in the literature.
Morphoproteomics utilizes immunohistochemical staining methods to identify the expression of protein analytes in signal transduction pathways in lesional tissue. 24 It relies on the use of phosphospecific probes directed against putative sites of activation of molecules, subcellular compartmentalization and/or correlative expressions of protein analytes to assess the constitutive activation of cell signaling pathways and to expose potential targets at molecular level for individualized therapy.
In this study, we investigated the MTOR signaling pathway, including its upstream regulators and downstream effectors, using morphoproteomics on patients' tissue of various types of papillary thyroid carcinoma and examined how clinicopathological parameters previously proposed correlated with the MTOR signaling pathway. 
Materials and methods

Immunohistochemical Staining
Immunohistochemical stains were performed on formalin-fixed and paraffin-embedded unstained sections of 4 mm thickness. Three primary antibodies were utilized for immunohistochemical staining to detect phosphorylated (p) antigens, including p-Akt (Ser473; Cell Signaling Technology, Beverly, MA, USA), p-MTOR (Ser2448; Cell Signaling Technology) and p-p70S6K (Thr389; Cell Signaling Technology). The unstained sections were deparaffinized in xylene and rehydrated in a graded series of ethanols. Heat-induced epitope retrieval was performed. A semiautomatic method and monoclonal antibodies were used against these antigens. Endogenous pigments were quenched with 3% H 2 O 2 in methanol for 10 min and rinsed with Tris-buffered saline with Tween 20. A few drops of diluted normal blocking serum were placed on the tissue and incubated at room temperature. The serum was blotted off and the slides were incubated with primary antibody overnight at 41C. The remaining procedure took place on a DAKO Autostainer programmed to treat each slide with diluted biotinylated secondary antibody for 30 min. The slides were rinsed and incubated with 3,3 0 -diaminobenzidine chromogen solution (EnVision þ System Kit, DAKO) for 10 min. The slides were rinsed again and counterstained with Gill II hematoxylin, treated with xylene and coverslipped. Appropriate positive and negative controls for each case were obtained.
Assessment of Immunohistochemical Staining
Chromogenic signal and subcellular expression pattern were assessed for each marker by brightfield microscopy. The subcellular expression pattern was characterized as: nuclear, cytoplasmic or plasmalemmal locations.
Histological Evaluation and Clinical/Radiological Correlation
All pathology reports, hematoxylin and eosin (H&E)-stained sections and clinical documents, including clinical notes and radiology reports, were reviewed. The tall-cell variant of papillary thyroid carcinoma is defined as at least 30% tumor cells with a height to width ratio of Z3 and abundant eosinophilic cytoplasm besides the nuclear features as in classical papillary thyroid carcinoma.
Statistical Analyses
Fisher's exact test (two tailed) and Student's t-test (two tailed) were used to evaluate the differences in clinicopathological parameters of papillary thyroid carcinomas between the groups with and without nuclear expression of p-MTOR. The significance level was set at Po0.05.
Results
Immunohistochemistry
Immunoreactivities for p-MTOR (Ser2448), p-Akt (Ser473) and p-p70S6K (Thr389) were observed in all papillary thyroid carcinomas (n ¼ 30). The expression of p-MTOR in cytoplasmic and/or plasmalemmal locations was variable (1 þ to 3 þ in 50-100% of tumor cells). In addition, the nuclear translocations of p-MTOR (1 þ to 2 þ in 50-100% of tumor cells) and p-Akt (1 þ to 2 þ in 30-80% of tumor cells) were identified in all tall-cell, columnar-cell and diffuse sclerosing variants of papillary thyroid carcinoma. The nuclear translocation of p-MTOR (Ser2448) was accompanied by a loss of plasmalemmal expression in some areas of all aggressive histological variants of papillary thyroid carcinoma. There was no nuclear expression of p-MTOR in classical type and cribriform and follicular variants of papillary thyroid carcinoma. The expression of p-p70S6K was moderate to strong, extensive, and nuclear in location in all papillary thyroid carcinomas (2 þ to 3 þ in 495% of tumor nuclei). The expressions of these protein analytes are summarized in Table 1 . Examples of H&E and immunostains for p-MTOR in classical and tall-cell variant of papillary thyroid carcinomas are demonstrated in Figure 1 .
Correlation of Clinicopathological Parameters and Nuclear Expression of p-MTOR
The clinicopathological parameters of papillary thyroid carcinomas are summarized in Table 2 . The sizes of the papillary thyroid carcinomas with and without nuclear expression of p-MTOR ranged from 0.9 to 6.2 cm (mean: 3.3 cm) and 0.2 to 8.5 (mean: 2.5 cm), respectively (P ¼ 0.38). The numbers of cases with extrathyroidal extension, angioinvasion and nodal metastases are not significantly different between the groups with and without nuclear expression of p-MTOR. There were no distant metastases in any of the cases.
Discussion
Our study demonstrates: (1) constitutive activation of MTOR pathway in all types/variants of papillary thyroid carcinoma indicated by the expression and phosphorylation at putative sites, Ser2448 in MTOR, Ser473 in Akt and Thr389 in p70S6K; (2) nuclear translocation of p-MTOR, suggestive of overexpression/activation of MTORC2 in aggressive histological variants of papillary thyroid carcinoma; and (3) no significant differences in tumor size, extrathyroidal extension, angioinvasion and nodal metastases between the groups of papillary thyroid signaling by phosphorylating and inhibiting TSC1/ TSC2-negative regulatory complex. The MTORC1 phosphorylatively activates p70S6K at threonine 389, one of its downstream effectors. 22, 27, 28 The concomitant expression of p-Akt, p-MTOR and p-p70S6K demonstrated in the current study is consistent with the activation of MTORC1 signaling 29 In support of our observation of the activation of Akt-MTORC1-p70S6K pathway in papillary thyroid carcinomas is a recent in vitro study showing potent inhibition of cell proliferation by perifosine, an Akt inhibitor, and temsirolimus, an MTORC1 inhibitor, in cultured papillary thyroid carcinoma cells of TPC1 cell line that harbored PI3K/Akt-activating genetic alterations. 16 Moreover, the current study shows a shift in the subcellular compartmentalization of p-MTOR (Ser2448). Specifically, there is a loss of predominantly plasmalemmal expression coupled with increased nuclear signal intensity of p-MTOR in some areas of the aggressive histological variants of papillary thyroid carcinoma. In an in vitro study, Rosner and Hengstschlager found that MTORC1 assembly occurred predominantly in the cytoplasm, whereas MTORC2 is abundant in both cytoplasm and nucleus of non-transformed, non-immortalized human diploid fibroblasts. 30 Such findings imply that the expression of MTOR in the nuclear location is attributed to the presence of MTORC2. Accordingly, our results indicate that there is constitutive activation of MTORC2 in the aggressive variants of papillary thyroid carcinoma, which may imply that there are some differences in tumorigenesis of the aggressive histological variants from the classical type and other less aggressive variants of papillary thyroid carcinoma.
One of our previous studies showed strong nuclear expression (3 þ ) of p-MTOR in anaplastic thyroid carcinomas and no nuclear expression in normal thyroid tissue. 31 In comparison, the nuclear positivity of the p-MTOR in anaplastic thyroid carcinoma is stronger than the 1 þ to 2 þ signal intensity seen in tall-cell, columnar-cell and diffuse sclerosing variants of papillary thyroid carcinoma in the current study. On the basis of these observations, we feel that the staining intensity of MTORC2 increases in a continuous spectrum, which correlates with the degree of aggressiveness of the thyroid cancers.
Furthermore, Akt has been identified to be the downstream effector of MTORC2 by recent studies. 32, 33 Phosphorylation of two sites on Akt activates the Akt: one at Thr308 by PDK1 and the other at Ser473 mainly by MTORC2 in both nuclear and cytoplasmic compartments. 23, 33, 34 These phosphorylation events can occur independently or interactively. Although phosphorylation of Akt at Thr308 alone empowers Akt with enough activity to phosphorylate many of its substrates, maximal Akt activity requires phosphorylation at both Thr308 and Ser473. It has been postulated that the phosphorylation of Akt at Ser473 stimulates Akt phosphorylation at Thr308 by PDK1 so that Ser473 is a critical regulatory site required for maximal Akt kinase activity. 33, 35 Our study demonstrates the expression of p-Akt (Ser473), consistent with the downstream effect of MTORC2 activation in addition to being an activated upstream regulator of MTORC1. However, the expression of p-Akt in the current study is only modest to moderate but not strong, which may be related to the interaction among Akt, MTORC1 and MTORC2. A few previous studies suggested that after Akt activated MTORC1, the latter elicited negative feedback loops to inhibit Akt activity through p70S6K and insulin receptor substrate 1. 34 Therefore, Akt is placed under positive and negative control mediated by the MTORCs. The lower level of expression of p-Akt in this study than that expected is similar to that noted in our previous study on anaplastic thyroid carcinoma and is thought to be due to the negative feedback loop elicited by MTORC1. 31 In accord, rapamycin resistance is noted in many types of tumors, as rapamycin and its analogs, as the first class of MTOR inhibitors, have been identified and utilized in clinical or preclinical studies for malignancies, which is attributable to the MTORC1-dependent negative feedback loops. [36] [37] [38] The activation of MTORC2/Akt pathway, conferring rapamycin resistance, has been reported in some malignant neoplasms. 34 Therefore, our observation of the activation of the MTORC2/Akt pathway has therapeutic implications.
The current study does not show significant differences in tumor size, extrathyroidal extension, angioinvasion and nodal metastases between the groups of papillary thyroid carcinoma with and without nuclear expression of p-MTOR. These clinicopathological parameters have been known to be of value in papillary thyroid carcinoma prognosis. However, the conclusions derived from previous retrospective studies were often limited by uncontrolled variation in the severity of the initial disease, ie, that the more severe initial disease (large tumor size, extrathyroidal extension, angioinvasion and metastases) has the worse prognosis. With the widespread use of ultrasound examination and fine-needle aspiration, more papillary thyroid carcinomas have been detected and surgically treated at an earlier stage than ever. In the current study, there were trends toward increased tumor size, extrathyroidal extension, angioinvasion and nodal metastases in the papillary thyroid carcinomas with nuclear expression of p-MTOR, although not statistically significant, which might be due to the fact that our data had been only partially influenced by the utility of ultrasound examination and fine-needle aspiration for evaluating thyroid lesions in recent years. A larger series of study of papillary thyroid carcinomas with modern diagnostic modalities is desired to elucidate clinicopathological parameters for predicting the papillary thyroid carcinoma prognosis.
In summary, this study demonstrates immunoreactivities for p-MTOR, p-Akt and p-p70S6K in all papillary thyroid carcinomas and nuclear translocation of p-MTOR in tall-cell, columnar-cell and diffuse sclerosing variants. The findings indicate constitutive activation of the MTOR pathway in all papillary thyroid carcinomas and evidence MTORC2 activation in the aggressive histological variants of papillary thyroid carcinoma. The nuclear expression of p-MTOR is not correlated with tumor size, extrathyroidal extension, angioinvasion and nodal metastases. Such findings may be of diagnostic, prognostic and, most importantly, therapeutic value.
